The preparation of polyester resin blends consisting of an unsaturated polyester resin matrix and rubbery particles comprising three radially-alternating glassy and rubbery layers is described. The morphology of the resin blends was examined by transmission electron microscopy (TEM) while thermal properties were investigated by differential scanning calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA). The results show that the particles were prepared with good control of particle size and morphology. DMTA results showed no reduction in the T g of the matrix whilst the shear modulus of modified materials was found to be lower than that of the matrix material.
Introduction
Polyester resins find wide usage in many applications, especially as matrices in composites. They, however, suffer the disadvantage of being brittle and hence prone to failure [1] . Methods to increase the toughness of polyester resin have mainly centred on the use of reactive liquid rubbers with few reports on the use of multiphase particles [2, 3] . Such preparations involve in situ preparation of rubbery toughening particles through phase separation. The disadvantage of this method of preparation is that one has no control on particle morphology. Particles formed by phase separation using reactive liquid rubbers tend to occlude polystyrene making the particle morphology ill defined [4] . The use of rubbery particles prepared by sequential emulsion polymerization allows independent control of matrix properties, composition, morphology and the size of particles, unlike the traditional methods used to toughen polyester resins.
A number of studies have shown that resin blend properties, such as thermal and mechanical properties, are influenced by both the matrix and particle morphology [5, 6] . However, the study of structure-property relationships in rubber-toughened polyester resin has been limited by the inability to control particle morphology and size in rubber-modified preparations. The use of particles prepared by emulsion polymerization therefore presents the possibility for greater understanding of factors necessary for achieving significant toughening in rubber-modified polyester resin systems. This paper discusses the preparation, morphology and thermal properties of rubber-modified polyester resins using particles prepared by sequential emulsion polymerization.
Results and discussion

Preparation of rubbery particles
Particle design and preparation takes into account retention of particle integrity after synthesis and subsequent processes. A crosslinking agent was used in order to maintain both morphology and size of particles. Grafting across phases is reported as being important in facilitating stress transfer between different layers in the particles. The particles used in this study were originally designed for PMMA matrix and the use of a poly(methyl methacrylate)/ethyl acrylate (PMMA/EA) shell.
Fig. 1.
Plots showing the size distribution at the end of (a) the core, (b) the rubber and (c) outer-shell formation. Data is from the BA(20/28/30) preparation. The solubility parameter data for the systems in this study suggest that the PMMA/EA (δ = 19.0 J 1/2 cm 3/2 ) shell is suitable for mixing with the polyester resin (styrene, δ = 18.8 J 1/2 cm 3/2 ) [7] . The shell is important in promoting interfacial adhesion between the rubbery particles and matrix.
To ensure that particles were being prepared according to the desired morphology and diameter, the preparations were monitored by measuring particle sizes and percentage conversion (Figure 1 and 2) . Typical particle size distributions from sequential emulsion polymerization are shown in Figure 1 . The data is from the BA(20/28/30) preparation at the end of the core, rubber and outer glassy layer stages. The plots show consistency in the particle size and provide evidence that particles grew according to their design in terms of increases in size with conversion. The target diameters of the glassy core, rubbery layer and outer layer of each type of preparation are shown in Table 1 . The data shows good agreement between the experimental and predicted diameters at the end of each growth stage. Further confirmation that particles were prepared according to desired morphology and size is evident in the transmission electron micrographs shown in Figure 3 . Particles clearly show three distinct phases corresponding to the glassy and rubbery layers. The rubbery layers appear darker than the glassy layer in a concentric fashion. It should be noted that accurate particle size data is difficult to obtain from TEM micrographs since particles may be cut anywhere from the equator to their periphery during sectioning. This could erroneously give an appearance of a broad particle size distribution. 
Preparation of materials
Blending was carried out in periods of 1 minute followed by cooling for at least five minutes to avoid overheating with a total mixing time of 10 minutes. Mixing periods of greater than 10 minutes did not yield any significant improvement in dispersion while low blending times gave poor dispersions. A considerable amount of air is introduced in the blend during mixing, which if not removed before cure would create points of weakness in the material. The time for degassing was kept short to prevent loss of styrene monomer. Any loss of styrene during the air removal process was compensated for by addition of more styrene. A system consisting of azobisisobutyronitrile (0.5 % w/w) was used initially to prepare plaques of cured materials. The method of preparation using this system involved dissolving the initiator in the neat resin or resin blend and the mixture carefully being poured into open picture frame moulds, which had been treated with Frekote ® 1711 aerosol mould release agent. The moulds were then placed in an oven at 70 °C to cure. This method, however, was found to be unsatisfactory due to a high level of cracking of the resulting plaques. An alternative method for initiating the cure reaction was used to produce mouldings that were free from cracks. A cold-cure system was used consisting of benzoyl peroxide (0.5 % w/w) and N,N-dimethyl aniline.
DSC measurements
DSC measurements on materials containing different amounts of toughening particles (0 -8 phr BA-S(20/28/30)) are shown in Tables 2 and 3 . In programmed heating measurements, as the amount of toughening particles increased, the peak in the exotherm moves to higher temperatures. In contrast, there was no significant change observed in the time to reach the maximum exotherm in isothermal measurements. The second programmed heating run on the samples showed no residual exotherm in both experiments and were similar to those of the post-cured mouldings. Heats of polymerization calculated from the DSC traces were inconsistent in values for both isothermal and temperature scanning measurements (Table 3 ).
Tab. 2. DSC results
The DSC analysis of the mouldings produced traces that were essentially featureless. The absence of any residual exotherm is indicative that complete cure of the material had occurred. Unreacted functional groups are expected to react above the glass transition temperature as the polymer segments become more mobile within the crosslinked network. Thus, the post-cure temperature must be above that of the glass transition temperature of the material in order to achieve full cure. There was also no sign of any transition in the DSC traces that could be associated to the glass transition temperature because of the high level of crosslinking in the matrix.
Dynamic mechanical analysis
The materials which were tested by DMTA are shown in Table 4 together with their dynamic mechanical properties; the dependence of log(G'), log(G") and tan δ on temperature is shown in Figures 4−6 . Only the unmodified matrix material and toughened materials containing 12 phr particles were tested. The latter had the highest level of particle inclusion and were more likely to show the transitions in the rubbery phase of the toughening particles. All the modified materials showed shear modulus values, which were essentially the same but lower than that of the matrix material.
The T g s of the various phases in the materials were estimated from the relaxation peaks in the tan δ curves shown in Figure 5 . The tan δ curves of the polyester resin material shows a well-defined relaxation peak at 124 °C associated with the T g of the matrix. Less easily identified is the β-transition that occurs at about -70 °C. A similar transition in diglycidyl ether bisphenol A (DGEBA) epoxy resins/piperidine cured materials was associated with the crankshaft type motion of the hydroxy ether segments in epoxy networks [8] . In these polyester materials, this transition may be due to the propylene glycol residue. The magnitudes of both tan δ peaks are lower for the unmodified polyester resin than the modified materials. This is to be expected since all the modified materials showed lower storage modulus values than for the matrix as a result of incorporating particles. Thus, the increase in the tan δ peaks is indicative of a decrease in the stiffness of the materials.
Tab. 4.
Dynamic mechanical properties of the tested types of materials. A third transition was also observed in the materials modified using the BA-type particles, associated with the T g of the rubbery phases, at -7 and -20 °C in materials toughened using 300 and 500 nm diameter particles respectively ( Figure 6 ). Both T g values are much higher than the literature value of -54 °C for poly(butyl acrylate). These values may be artificially high due to difficulties in accurately locating the T g of the rubbery phases and overlap with the β-transition from the polyester resin. Another factor is the effect of crosslinking resulting from the inclusion of ALMA to maintain particle integrity. The T g s of the two rubbery phases differ presumably due to differences in the thickness of their rubbery layers. In the 300 nm diameter particles, the rubbery phase is 80 nm thinner than for the larger particles. Similar observations have been made previously and the effect may be due to the rubbery phase in the former being more constrained by the surfaces of the rigid glassy phases, and/or possibly due to a higher overall level of crosslinking [8] .
In the BA-S type particles the rubbery phase T g is known to give a weak tan δ in the temperature range -10 to +5 °C. A peak maximum due to this transition is not seen in these plots because it overlaps with the broad transition associated with the matrix. The shift in the rubbery T g to higher temperatures in both types of particles may also be a consequence of polymerization of styrene within the rubbery phases following monomer absorption during the blending and cure process. The particles are in contact with the polyester resin for a substantial amount of time allowing sufficient time for particles to absorb monomer. 
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Conclusions
The objectives of this research were to synthesize multi-phase rubbery particles using sequential emulsion polymerization, which were subsequently evaluated for their thermal properties. The particles were prepared with good control of particle size and morphology. These were achieved through use of a relatively high seed particle concentration, low levels of surfactant in growth stages and crosslinking/grafting of the phases. Particles were found to disperse with ease in the polyester resin matrix and were observed to occur in clusters of 0.6−7 μm size.
A key element in rubber-toughening is to be able to increase the fracture toughness of the parent polymer without significantly affecting inherent properties such as stiffness, yield stress and creep resistance. This work has shown that although the cure isothermal is shifted in programmed heating, it remains essentially unchanged in isothermal measurements. Furthermore, the T g of the polymer blends analyzed using DMTA showed no reduction in the matrix T g . All the modified materials show shear modulus values lower than that of the matrix material. The magnitude of tan δ peaks for the modified polymer blends is lower than that of the unmodified material. The lowering of tan δ is expected since all the modified materials show lower storage modulus values as a result of incorporating particles. The increase in tan δ is indicative of a decrease in stiffness of the material.
Experimental
The experiments in this work involved preparation and characterization of toughening particles, and examination of resin blends containing various amounts of particles.
Preparation of toughening particles
Three layer particles, shown schematically in Figure 7 , were prepared by sequential emulsion polymerization using previously established methods [8] . The particles consist of a glassy core based on poly(methyl methacrylate) and an outer glassy shell based on poly(methyl methacrylate-co-ethyl acrylate). Rubbery layers were prepared using poly(butyl acrylate) or poly(butyl acrylate-co-styrene) base. The inner glassy layers were crosslinked using allyl methacrylate (ALMA) to ensure particle integrity during subsequent processing. . Schematic representation of particles cut through the equator showing their sizes, internal structure and nomenclature: (a) schematic representation of particle internal structure (b) particle nomenclature. BA represents butyl acrylate whilst BA-S indicates butyl acrylate/styrene rubbery layer in the particle.
Particles from sequential emulsion polymerization were coagulated by addition of the latex to a magnesium sulphate solution to give loose aggregates, which were isolated by filtration, washed thoroughly with water and then dried at 60 °C.
Preparation of resin blends
The polyester resin used in preparations (BIP Beetle, 8582) was obtained from BIP Chemical Ltd and characterized for its styrene content, composition and structure. The results of the characterization are presented in Table 5 .
Tab. 5. Results summary of the characterization of the polyester resin.
Mol % constituents of unsaturated polyester resin (molar ratio is given in parentheses) phthalic acid 14.7 (1) Calculated from VPO data Materials having different particle contents were prepared by blending about 250 g of resin with particles in a 500 ml metal beaker using a Silverson L4R high shear mixer. Blending time was initially varied between 7 and 40 minutes to establish the length of time required to achieve optimum dispersion. The blending beaker was continuously cooled in a water-ice bath to reduce evaporation of styrene and degradation of the resin or premature crosslinking. Cured polymer blends were prepared using a two-stage process involving particle dispersion in the resin, followed by the removal of air trapped during blending. The materials prepared contained particles in the range 0 -12 phr.
Cure conditions
A cold-cure system was used consisting of benzoyl peroxide (0.5 % w/w) and N,N-dimethyl aniline (0.1 % w/w). The concentrations used allowed sufficient time for manipulation of the resin blend after the initiator system had been added (gel time ~330 minutes). The viscosity of the mixture increases rapidly once the initiator system has been added. Hence, the mixture was transferred into the mould as soon as possible after addition of the initiating system. Trapped air was removed before cure under controlled reduced pressure on a rotary evaporator, which was typically for 10 -30 minutes. Degassing was stopped when the release of small bubbles ceased. After de-gassing, the required amount of initiator was weighed in and dispersed by swirling the resin blend in the flask carefully to avoid trapping air. Once the benzoyl peroxide had dissolved, N,N-dimethyl aniline was added and mixing continued until it was homogeneously dispersed throughout the blend.
Vertical moulds consisting of two glass plates (200 mm x 200 mm x 6 mm), separated at their perimeter by silicone rubber tubing, were used to cast plaques of neat and resin blends. The thickness of the moulds was determined by the diameter of the tubing. Each glass plate was first cleaned using acetone and then coated with Frekote ® mould release agent before pouring in the mixture. The moulds were then placed vertically in a water bath at ambient temperature and left overnight (24 h) to cure. The water bath was used so that heat generated in the crosslinking reaction could be efficiently removed. The plaques were post-cured first at 120 °C for 6 h and then at 180 °C for 4 h under a nitrogen atmosphere to prevent degradation of the material through oxidation at high temperature. Castings were then allowed to cool down slowly to room temperature after each post-cure period.
Characterization by differential scanning calorimetry (DSC)
Differential scanning calorimetry was used to examine the effects toughening particles had on the cure characteristics of the resin and to assess whether or not the materials were fully cured. Complete cure of the materials was important to make sure that consistent matrix mechanical properties were realized. The analyses were carried out on a Du Pont Thermal Analyzer equipped with a Du Pont 910 cell base fitted with a DSC cell. Samples of about 10 mg were placed in crimped aluminum pans and heated either at constant temperature or by programmed heating under flowing nitrogen. An empty DSC pan was used as the reference. Prior to analyzing the samples the instrument was calibrated by heating a sample of indium at 20 °C min -1 from 0 °C to 200 °C.
Isothermal measurements to determine the time to the peak in the cure exotherm were carried out at 40 °C for 120 minutes. At the end of each run, samples were cooled rapidly to 0 °C and re-scanned at 20 °C min -1 up to 200 °C to see if there was any residual exotherm. Programmed heating runs were also carried out using the same heating rate as above and in the same temperature range to determine the temperature for the peak in the cure exotherm. Each test was re-run using the same conditions to check if there was any residual exotherm. Four samples of each material were analyzed in both isothermal and programmed heating measurements.
Dynamic Mechanical Measurements
Dynamic thermal analysis measurements were carried out, on a Polymer Laboratories dynamic mechanical thermal analyser (DMTA), in the temperature range -100 to +200 °C. Test samples of rectangular beam geometry (45 mm x 10 mm x 2.5 mm) were cut from moulded sheets and polished using successively finer grades of silicon carbide paper to remove surface scratches. The specimens were mounted in a double cantilever-beam head and analysed at a heating rate of 5 °C min -1 with an operating frequency of 1 Hz.
Measurement of particle size
Particle size and particle size distribution measurements were made using a Malvern Autosizer IIc photon correlation spectrometer. The measurements were done at a fixed scattering angle of 90° and a constant temperature of 25 ± 0.1 °C for 300 seconds. Samples were placed in polystyrene cuvettes and the concentration of the suspension adjusted, using deionised water, to achieve a fine laser beam to minimize multiple scattering in the sample. The particle diameter was computed using the method of cumulants analysis [9, 10] and taken as an average of at least three measurements. The accuracy of the Malvern Autosizer IIc photon correlation spectrometer was tested using standard latex (176 nm polystyrene latex, Agar).
Particle morphology by transmission electron microscopy
Transmission electron microscopy was carried out to confirm that the particles had formed correctly and also to examine the distribution of the particles in the resin blends. Ultramicrotomed sections of cured blends with dispersed particles were obtained and stained using ruthenium tetraoxide. The sections were then examined using a Philips 301 transmission electron microscope operated at 100 kV.
